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The crystal structures of sparteinium tetrachlorocuprate monohydrate [(C15H28N2)CuCl4·H2O], 1 and
sparteinium tetrabromocuprate monohydrate [(C15H28N2)CuBr4·H2O], 2, were determined. The structures of 1
[orthorhombic, P212121, a = 8.3080(10) Å, b = 14.6797(19) Å and c = 16.4731(17) Å], and 2 [orthorhombic,
P212121, a = 8.4769(7) Å, b = 15.166(3) Å and c = 16.679(3) Å], are composed of a doubly protonated
sparteinium cation, [C15H28N2]2+, a discrete CuX4

2− anion (X = Cl− or Br−), and one water molecule. These
monomeric compounds are stabilized through various types of hydrogen bonding interaction in their packing
structures. Crystal 2 exhibits weak anti-ferromagnetism (J = -3.24 cm−1) as opposed to the magnetically isolated
paramagnetism observed for 1. The results of comparative magneto-structural investigations of 1 and 2 suggest
that the pathway for the weak anti-ferromagnetic super-exchange in 2 might be through a Cu-Br�Br-Cu
contact.
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Introduction

The tetrahalometalate compounds with various organic
countercations have been the subject of many theoretical,1-3

structural,4-8 and magneto-structural9-16 studies. Among
them, the four-coordinate tetrahalocuprate(II) ions have been
found to possess a variety of geometries from square-planar
to near tetrahedral symmetry and the stereochemistry of the
tetrahalocuprate ion is known to be influenced by the nature
of the countercations and by the presence of hydrogen
bonding interaction. The magneto-structural relationships in
the tetrahalocuprate compounds have been intensively
studied, and in view of the weak anti-ferromagnetic inter-
action in the copper(II)-halide systems, the hydrogen
bonding and the “halide-halide” contact (the Cu-X�X-Cu
contact) are known to be very important pathways for the
magnetic exchange. The magnetic exchange via “halide-
halide” contact is benefited by the substantial overlap of the
magnetic orbitals of the non-bonded halides and is well
established for the copper(II)-bromide system.10-14 The
hydrogen bonding in this type of molecule is also known to
provide a pathway for the magnetic super-exchange.15,16 

In this work, we report on the preparation, crystal struc-
tures, and magnetic properties of sparteinium tetrachloro-
cuprate monohydrate (C15H28N2)CuCl4·H2O, 1 and spartein-
ium tetrabromocuprate monohydrate [C15H28N2]CuBr4·H2O,
2, and propose a possible magnetic exchange pathway for
the weak anti-ferromagnetic interaction in 2. (−)-Sparteine
base C15H26N2 has been utilized in the preparation of many
tetrahedrally distorted copper(II) compounds,17 and the

choice of this base was determined by the presence of two
tertiary amine nitrogen atoms capable of establishing strong
hydrogen bonds, which can stabilize the crystal structure of
the compounds.

Experimental Section

Materials and Preparation. All reagents and solvents
were obtained commercially either from Sigma Chemicals
or Aldrich Chemicals. Anhydrous ethanol was distilled from
calcium hydride and stored under argon. (−)-Sparteine,
C15H26N2 was purchased from Sigma Chemicals and was
used without further purification. (−)-Sparteinium tetrachloro-
cuprate(II) compound was prepared from a direct reaction
between C15H26N2 and CuCl2·2H2O. (−)-Sparteine (1.4 mL,
6.09 mmol) dissolved in ethanol (50 mL) was added to an
excess of concentrated HCl (15.2 mmol; ~2.5 times of
sparteine base). To this solution, 1.03 g (6.04 mmol) of
CuCl2·2H2O dissolved also in ethanol (10 mL) was added.
The resulting solution was stirred vigorously for 3 hrs at
room temperature and then was refrigerated overnight. The
resulting orange-yellow precipitate was filtered off, washed
with cold absolute ethanol, and dried in a vacuum. (−)-
Sparteinium tetrabromocuprate compound was prepared
according to a similar procedure; (−)-sparteine (1.4 mL, 6.09
mmol), dissolved in 50 mL of ethanol-triethylorthoformate
mixture (5 : 1 v/v), was added to an excess of concentrated
HBr (15.2 mmol; ~2.5 times of sparteine base). To this
solution, 1.36 g (6.09 mmol) of anhydrous CuBr2, dissolved
in 10 mL of ethanol-triethylorthoformate mixture (5 : 1 v/v),
was added. The resulting solution was stirred vigorously for
3 hrs at room temperature and then was refrigerated
overnight. The dark violet precipitate which appeared was
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collected by filtration and washed several times with cold
ethanol and then, this precipitate was dried under vacuum.
Anal. Calcd. for CuC15H28N2Cl4·H2O: C, 39.18; H, 6.58; N,
6.09. Found: C, 39.70; H, 6.64; N, 6.04. Anal. Calcd. for
CuC15H28N2Br4·H2O: C, 28.26; H, 4.74; N, 4.39. Found: C,
28.34; H, 4.76; N, 4.45. 

Both crystals are unstable when exposed to moisture and
became opaque upon standing in moisture under room
temperature conditions. However, it is possible to store them
safely by keeping them in a dry atmosphere in a desicator or
in a tightly closed vial.

Physical Measurements. Elemental analyses were carried
out using a Profile HV-3 Elemental Analyzer System
(Germany) at the Korean Basic Science Institute (Pusan
Branch). 

Magnetic susceptibility measurements were made on a
powdered sample over the temperature range of 5 K to 300
K with a Quantum Design MPMS7-SQUID susceptometer
at the Korean Basic Science Institute (Seoul Branch). The
data were corrected for the diamagnetism of the constituent
atoms with Pascal's constants. 

X-ray Single Crystal Structure Determination. Crystals
1 and 2 for X-ray analysis were obtained by slow evaporation
from concentrated HCl and HBr aqueous solution, respec-
tively. A yellow crystal of 1 of approximate dimensions 0.43
× 0.36 × 0.30 mm and a dark violet crystal of 2, 0.30 × 0.23
× 0.20 mm, were mounted and aligned on a CAD-4
diffractometer.18 The accurate cell parameters were refined
from the setting angles of 25 reflections with 11.49o < θ <
12.75o for 1 and 24 reflections with 11.51o < θ < 12.67o for
2. 2910 independent reflections for 1 in an asymmetric unit
in range -1 ≤ h ≤ 10, 0 ≤ k ≤ 19, 0 ≤ l ≤ 21 and 3096
independent reflections for 2 in an asymmetric unit in range
-1 ≤ h ≤ 11, 0 ≤ k ≤ 19, 0 ≤ l ≤ 21 were collected using
graphite-monochromated Mo Kα radiation and ω/2θ scan
mode. 

All non-H atoms were found by the direct method and
their parameters were refined successfully by full matrix
least-squares. The weights used for least-squares refinement
were w−1 = [σ2(Fo)2 + (0.0428P)2 + 0.5569P] for 1 and w−1 =
[σ2(Fo)2 + (0.0457P)2] for 2, where P [= (Fo

2 + 2Fc
2)/3] is a

function of intensity. All H atoms except two H atoms (H1
and H9 of 1) were geometrically positioned and fixed.
Empirical absorption corrections were applied to the
intensity data for crystals 1 and 2 by using psi-scans (Tmax

and Tmin are 0.6129 and 0.5409 for 1, and 0.3429 and 0.2209
for 2, respectively). Data collection and cell refinement:
CAD4 Express.19 Data reduction: XCAD4.20 Program used
to solve structure and to refine structure: SHELXS97 and
SHELXL97.21 Molecular graphics: ORTEP-3 for Windows.22

Crystallographic data for the structures reported here have
been deposited with the Cambridge Crystallographic Data
Centre (Deposition No. CCDC-231154 and CCDC-231155).
The data can be obtained free of charge via www.ccdc.cam.
ac.uk/perl/catreq/catreq.cgi (or from the CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK; Fax: +44-1223 336033;
E-mail: deposit@ccdc.cam.ac.uk).

Results and Discussion

Structure. The X-ray structures of crystals 1 and 2 were
determined; the crystallographic data and structural refine-
ment parameters are summarized in Table 1. Views of the
molecular structures of 1 and 2 are shown in Figure 1, and
the pertinent bond length and angle information for the two
crystals are given in Tables 2 and 3. The structures of both 1
and 2 consist of the same basic structural units of [C15H28N2]2+,
CuX4

2− (X = Cl− and Br−), and one water molecule, held
together by the hydrogen bonding interactions as shown in
Figure 2. There are several different types of hydrogen
bonding interactions present in the crystal structures; in both
crystals 1 and 2, the doubly protonated sparteinium group
form one hydrogen bond with a halogen atom of the CuX4

2−

unit and another hydrogen bond with an oxygen atom of a
water molecule. The water molecule forms a bifurcated
hydrogen bonds to two cis-Cl atoms of the CuCl4

2− unit and
another hydrogen bond with a Cl atom in 1. However, the
water molecule does not form a bifurcated hydrogen bond in
2. Overall, the crystals 1 and 2 are stabilized into their crystal
structures via the various types of hydrogen bonding
interactions and the inclusion of a water molecule in 1 and 2
seems essential for the stabilization of their molecular
packing structures.

Table 1. Crystallographic data of 1 and 2

 1  2

Chemical Formular CuC15H30Cl4N2O C15H30Br4CuN2O

FW (amu) 459.75 637.59

Crystal Description Yellow, Block Dark Violet, Block

Crystal Size (mm) 0.43 × 0.36 × 0.3 0.3 × 0.23 × 0.2

Crystal System Orthorhombic Orthorhombic

Space Group P212121 P212121

T(K) 293(2) 293(2)

Radiation (MoKα) (λ/Å) 0.71073 0.71073

a (Å) 8.3080(10) 8.4769(7)

b (Å) 14.6797(19) 15.166(3)

c (Å) 16.4731(17) 16.679(3)

V (Å3) 2009.0(4) 2143.3(6)

Z 4 4

Dcalcd (Mgm−3) 1.520 1.975

µ (mm−1) 1.624 8.477

F(0 0 0) 956 1244

Intensity Variation (%) 2% 3%

Independent Reflections 2910 3069

Observed Reflections 2268 1711

Final R and ωR 0.0433 and 0.0878 0.0617 and 0.0990

Threshold Expression I > 2σ(I) I > 2σ(I)

Parameters 224 208

(∆/σ)max 0.999 1.000

∆ρmax and ∆ρmin (eÅ−3) 0.479 and -0.285 0.625 and -0.763

Goodness of Fit 1.073 1.023

Flack Parameter -0.04(3) 0.00(3)
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The conformations of four rings of doubly protonated
sparteinium cations both in crystals 1 and 2 are in the form
of chair-chair-boat-chair, while the conformations of free (−)-
sparteine base and monoprotonated (−)-sparteinium cation
are reported to be in all chair forms.23 As described in
scheme 1, (−)-sparteine and its epimers are known to

undergo its conformational-configurational rearrangement in
solution.24 It is reasonable to suggest that the “chair-chair-
boat chair” conformation provides much less steric repulsion
between two protons, and only this conformation allow the
formation of doubly protonated sparteinium cations.

As far as the geometries of CuCl42− and CuBr4
2− anions are

concerned, the Cu-Cl distances are in the range 2.199-2.343
Å, and the Cu-Br distances are in the range 2.344-2.459 Å,
both being similar to those usually found for analogous
compounds. The shortest bond distance (Cu-Cl4) in 1 is
2.1998(15) Å and the shortest bond distance (Cu-Br4) in 2 is
2.344(2) Å. These results are well expected since only Cl4
and Br4 halogen atoms in CuX4

2− units do not participate in

Figure 1. ORTEP diagram showing the labeling scheme in crystal
1 (a) and 2 (b).

Table 3. Selected bond angles (° ) for the complexes 1 and 2

1

Cl1-Cu-Cl2  97.91(5) C2-N1-H1 110(3)
Cl1-Cu-Cl3  120.20(6) C6-N1-H1 106(3)
Cl1-Cu-Cl4  102.30(6) C15-N1-H1 106(3)
Cl2-Cu-Cl3  100.71(6) C10-N9-H9 109(5)
Cl2-Cu-Cl4  135.29(7) C14-N9-H9 100(5)
Cl3-Cu-Cl4  102.70(6) C16-N9-H9 112(5)
HO2-O-HO3  114(10) C7-C17-C8 107.6(4)

2

Br1-Cu-Br2  98.62(7) C2-N1-H1 106.8
Br1-Cu-Br3  122.05(9) C6-N1-H1 106.8
Br1-Cu-Br4  101.56(8) C15-N1-H1 106.8
Br2-Cu-Br3  100.63(8) C10-N9-H9 107.1
Br2-Cu-Br4  135.91(10) C14-N9-H9 107.1
Br3-Cu-Br4  101.08(8) C16-N9-H9 107.1
HO2-O-HO3  96.8(10) C7-C17-C8  107.3(10)

Table 2. Selected bond distances (Å) for the complexes 1 and 2

1

Cu-Cl1 2.3429(13) N1-H1 0.92(5)
Cu-Cl2 2.2169(15) N9-C10 1.503(6)
Cu-Cl3 2.2472(15) N9-C14 1.499(6)
Cu-Cl4 2.1998(15) N9-C16 1.476(6)
N1-C2 1.510(6) N9-H9 0.88(8)
N1-C6 1.517(6) O-HO2 0.69(7)
N1-C15 1.497(6) O-HO3 0.70(8)

2

Cu-Br1 2.459(2) N1-H1 0.91
Cu-Br2 2.356(2) N9-C10 1.506(14)
Cu-Br3 2.380(2) N9-C14 1.503(15)
Cu-Br4 2.344(2) N9-C16 1.481(14)
N1-C2 1.509(14) N9-H16 0.91
N1-C6 1.493(14) O-HO2 0.863(9)
N1-C15 1.510(14) O-HO3 0.846(9)

Figure 2. Illustration of a portion of the hydrogen bonding
networks in the structures of 1 (a) and 2 (b).
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the hydrogen bonding interactions in 1 and 2. 
The CuCl42− and CuBr4

2− anions both present a compressed
tetrahedral geometry with two bond angles distinguishing
their high values (120.20o and 135.29o in CuCl4

2−; 122.05o

and 135.91o in CuBr4
2−) from the rest (97.91-102.7o in

CuCl4
2− and 98.62-101.08o). The mean trans angle in

crystals 1 and 2 are 76.7o and 75.6o, respectively, which are
smaller than 90o for the perfect tetrahedron. The dihedral
angles between the two X-Cu-X planes (X = Cl or Br) in

trans position are summarized in Table 5.
The interatomic distance between the two nearest copper

atoms in 1 and 2 are 8.221 Å and 8.372 Å, respectively. The
nearest non-bonded distances between the copper and
halogen atom in 1 and 2, are 5.950 Å and 5.980 Å respec-
tively, too far to allow the formation of a dimeric unit with
Cu-Cl-Cu or Br-Cu-Br bridges. The intermolecular distances
between the two nearest halogen atoms in crystals 1 and 2
are 4.523 Å and 4.560 Å, respectively. 

Magnetic Properties. Magnetic data for crystals 1 and 2
was collected as a function of temperature (5-300 K). As
shown in Figure 3a, magnetic susceptibility data for 1
follows the Curie-Weiss law in the whole temperature range
5-300 K, yielding θ = -1.5 × 10−4 K and C = 0.44 cm−3

Kmol−1, and indicating the simple paramagnetism of 1.
Magnetic susceptibility data for 2 also follows the Curie-
Weiss law above 20 K, yielding θ = - 6.1 K and C = 0.44 cm−3

Kmol−1. Below 20 K, however, there is a marked deviation
from Curie-Weiss behavior. Figure 3b shows a plot of
magnetic susceptibility vs. temperature for 2 in the low
temperature region (5-60 K). The susceptibility curves
exhibit a broad maximum at 6.2 K indicating a weak anti-
ferromagnetic coupling. From the broad shape of the curve,
and the fact that the susceptibility does not appear to tend to

Scheme 1. Possible conformational rearrangement of (−)-sparteine
base in solution, and conformations of (a) (−)-sparteine base, (b)
monoprotonated (−)-sparteinium and (c) doubly protonated (−)-
sparteinum in solid.

Table 4. Hydrogen bonding geometry (Å, ° ) for 1 and 2

1

D-H�A D-H H�A D�A ∠  D-H�A

N1-H1�Cl1i 0.92(5) 2.37(5) 3.280(4) 167(4)
N9-H9�Oii 0.88(8) 1.99(8) 2.795(7) 152(7)
O-HO2�Cl1iii 0.69(7) 2.53(7) 3.204(7) 167(9)
O-HO3�Cl2i 0.70(8) 2.86(9) 3.407(6) 137(9)
O-HO3�Cl3i 0.70(8) 2.73(8) 3.333(8) 146(9)

2

D-H�A D-H H�A D�A ∠  D-H�A

N1-H1�Br1i 0.91 2.53 3.429(10) 168.2
N9-H9�Oii 0.91 1.96 2.806(15) 154.0
O-HO2�Br1iii 0.863(9) 2.5047(14) 3.368(10) 177.8(7)
O-HO3�Br2i 0.846(9) 2.8963(16) 3.599(10) 141.6(7)
O-HO3�Br3i 0.846(9) 2.7484(17) 3.416(10) 136.9(7)

Symmetry code: (i) −x+1, y+1/2, −z+1/2, (ii) x+2, y-1/2, −z+1/2 and (iii)
x, y+1, z

Table 5. Dihedral angles (° ) between two X-Cu-X (X = Cl and Br)
planes for CuCl4

2− unit in 1 and CuBr4
2− unit in 2

Compound Plane 1 Plane 2 Dihedral angle

1 Cl1-Cu-Cl2 Cl3-Cu-Cl4 70.79(5)
Cl1-Cu-Cl3 Cl2-Cu-Cl4 89.12(5)
Cl1-Cu-Cl4 Cl2-Cu-Cl3 70.07(5)

2 Br1-Cu-Br2 Br3-Cu-Br4 69.22(7)
Br1-Cu-Br3 Br2-Cu-Br4 89.12(6)
Br1-Cu-Br4 Br2-Cu-Br3 68.54(7)

Figure 3. (a) Plots of reciprocal susceptibility vs. temperature for
crystals 1 (� ) and 2 (� ). The solid lines are the best fits to the
Curie-Weiss law. (b) Plot of magnetic susceptibility vs. temperature
in the lower temperature region for crystal 2. 
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zero as the temperature approaches zero, it is probable that
the infinite linear chain model should be able to account for
the observed susceptibility. 

The magnetic data has been analyzed using the theoretical
expression (the Hamiltonian being )
proposed by Hall25 for a uniform chain of local spin S = 1/2
(equation 1) where A = 0.25, B = 0.14995, C = 0.30094, D =
1.00, E = 1.9862, F = 0.68854, G = 6.0626, χ = | J |/kT, and J
is the exchange coupling parameter describing the magnetic
interaction between any two nearest neighbor S = 1/2 spins.

(1)
 

The above expression resulted from the numerical results of
Bonner and Fisher26 and has been widely used for the
analysis of magnetic data. The best fit was obtained by
minimizing the sum of the deviations squared times the
temperature squared, i.e., . The
fitting results are J = -3.24 cm−1 and g = 2.14. The experi-
mental g value of 2 at 77 K is 2.127. Several super-exchange
pathways can be considered for the explanation of the
observed weak anti-ferromagnetism of 2. The interatomic
distance between the two nearest copper atoms (8.372 Å) in
2 is also too long to allow the direct dipolar interaction
between them. The hydrogen bonding interactions in 2 and
the resulting linear chain might be considered to be a
possible exchange pathway. However, if the hydrogen bond-
ing interactions provide the exchange pathway in 2, one
might expect to observe a certain degree of anti-ferromag-
netism in 1 which, in contrary, exhibits a simple paramag-
netism. The Br�Br contact distance of 4.560 Å in 2 is
longer by ~0.66 Å than the sum of the van der Waals radii of
two bromine atoms (3.90 Å),27 but is in the range of typical
Br�Br contact distances (3.86-4.60 Å), usually observed in
the anti-ferromagnetic tetrabromocuprate compounds.3,10,12

The Cl�Cl contact distance (4.523 Å) in 1 is considerably
longer than the sum of van der Waals radii of two chlorine
atoms (3.60 Å)27 and still much longer than the longest
Cl�Cl separation of 4.11 Å reported to provide a path way
for magnetic exchange between momomeric [CuCl5]3−

anions in crystals of [Co(NH3)6][CuCl5].28 As a result, the
magnetic super exchange via the Cu-Cl�Cl-Cu contact
is not likely to be observed in 1, which actually exhibits
simple paramagnetism as opposed to the anti-ferromagnetic
behavior of 2. The difference in magnetic behaviors of 1 and
2 is most probably attributable to the differences in the
“halide-halide” contact distances and to the different degree
of magnetic orbital overlaps in 1 and 2. 

The magnitude of the “halide-halide” contact interaction
are known to depend also on the geometry of the super-
exchange pathway through such parameters as the mean
trans angle of the CuBr4

2− ion and the dihedral angle
between the two Cu-Br�Br planes11,29 In 2, the torsion
angle of the Cu-Br1�Br2-Cu contact pathway is -139.8o,
and the Cu-Br1�Br2 and Br1-Br2-Cu angles are 172.9o and
116.0o, respectively. The chain is formed along the b axis of

2 (Figure 4) and the Br�Br interaction is mainly the intra-
chain type. The inter-chain type of interaction can be
neglected; the nearest inter-chain Br�Br distance is 4.560
Å. 

From the comparative magneto-structural investigation of
1 and 2, we suggest that the magnetic super-exchange for the
weak antiferromagnetic interaction in crystal 2 occurs most
probably through the Cu-Br�Br-Cu contacts denoted by
dashed lines in Figure 4. 
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